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Reduced structural connectivity within a prefrontal-motor-subcortical 
network in amyotrophic lateral sclerosis 
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Abstract 
Purpose: To investigate white matter structural connectivity changes associated with 
amyotrophic lateral sclerosis (ALS) using network analysis and compare the results with those 
obtained using standard voxel-based methods, specifically Tract-based Spatial Statistics 
(TBSS). 
Materials and methods: MRI data were acquired from 30 patients with ALS and 30 age-
matched healthy controls. For each subject, 85 grey matter regions (network nodes) were 
identified from high resolution structural MRI, and network connections formed from the 
white matter tracts generated by diffusion MRI and probabilistic tractography. Whole-brain 
networks were constructed using strong constraints on anatomical plausibility and a weighting 
reflecting tract-averaged fractional anisotropy (FA). 
Results: Analysis using Network-based Statistics (NBS), without a priori selected regions, 
identified an impaired motor-frontal-subcortical subnetwork (10 nodes and 12 bidirectional 
connections), consistent with upper motor neuron pathology, in the ALS group compared with 
the controls (p = 0.020). Reduced FA in three of the impaired network connections, which 
involved fibres of the corticospinal tract, correlated with rate of disease progression (p ≤ 
0.024). A novel network-tract comparison revealed that the connections involved in the 
affected network had a strong correspondence (mean overlap of 86.2%) with white matter 
tracts identified as having reduced FA compared with the control group using TBSS. 
Conclusion: These findings suggest that white matter degeneration in ALS is strongly linked 
to the motor cortex, and that impaired structural networks identified using NBS have a strong 
correspondence to affected white matter tracts identified using more conventional voxel-based 
methods.  
 
Key Words: amyotrophic lateral sclerosis, white matter, tractography, brain networks, 
connectome 
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Amyotrophic lateral sclerosis (ALS), the most common form of motor neuron disease, is a 
devastating adult-onset neurodegenerative disorder (1). The disease is characterized by chronic 
and usually rapid degeneration of the upper motor neurons of the motor cortex, and the lower 
motor neurons of the brain stem and spinal cord. Approximately 5–15% of sufferers are also 
afflicted with frontotemporal dementia (2), and a proportion of non-demented patients present 
with specific cognitive impairment suggesting that the disease also affects extra-motor regions 
(3). Though the etiology of ALS is not well understood, MRI has proved useful in probing 
associated white matter degeneration. Previous studies using diffusion MRI (dMRI) have 
identified reduced white matter integrity in corticospinal tract (4-14), corpus callosum 
(9,12,14) and uncinate fasciculus (10,12,14). Functional MRI studies have also identified 
abnormalities in extra-motor brain areas, including prefrontal regions (16,17), while voxel-
based morphometry analyses have found evidence of reduced grey matter volumes in the 
superior, medial and mid frontal gyri, and anterior cingulate (18,19), and reduced white matter 
volume and integrity in frontotemporal regions (19,20). Such findings have lead to the 
suggestion that ALS may be a progressive multi-system disorder (21-23). 
However, many of these studies have relied on region-specific analyses, which are 
typically constrained to a limited number of major white matter pathways or cortical areas. It is 
possible that whole-brain network analysis of structural connectivity between brain regions 
(24), involving many hundreds of potential connections, may help identify more widespread 
reductions in connectivity associated with ALS. Structural networks can be constructed from 
MRI data, with network nodes identified from high-resolution structural MRI, and network 
connections formed by white matter tracts generated from dMRI and tractography. Network 
measures derived from graph-theory can then be used to characterize patterns of connectivity 
in individuals or across populations (25). Alternatively, statistical methods, such as Network-
based Statistics (NBS) (26), can be used to identify differences in connectivity in case-control 
studies. The utility of NBS has previously been demonstrated in schizophrenia (26,27) and 
ALS (28,29), although how the results compare to other brain-wide MRI analysis techniques 
remains to be determined. 
In this study, we investigate whether whole-brain structural network analysis, without a 
priori selected regions, can provide further insights into global white mater changes associated 
with ALS, and whether there is any association between the resulting network measures and 
disease severity and rate of progression. Finally, since structural network analysis is a 
relatively novel approach for characterizing white matter abnormalities in disease, we also 
investigate whether there is correspondence between affected networks and reduced integrity 
in white matter tracts identified using more standard brain-wide voxel-based methods. 
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MATERIALS AND METHODS 
Participants 
Thirty patients and 30 age-matched healthy controls were recruited and underwent MRI 
scanning between July 2009 and April 2012 as part of a wider study examining relationships 
between cognitive function and brain structure in ALS (10). The patient and control subjects 
have previously been described in Bastin et al. (6) and Pettit et al. (10). The patient group was 
recruited from regional ALS services at the following sites throughout Scotland: Western 
General Hospital, Edinburgh; Southern General Hospital, Glasgow; Ninewells Hospital, 
Dundee; and from the Motor Neuron Disease register for Scotland, University of Edinburgh. 
All had clinical and electrophysiological evidence of combined upper and lower motor neuron 
involvement and fulfilled the revised El Escorial criteria for clinical definite and probable ALS 
(30). Exclusion criteria included the presence of another neurological disorder, presence or 
history of psychiatric disorder, and the presence of severe cardiovascular risk factors. Disease 
severity was assessed using the ALS Functional Rating Scale-Revised (ALSFRS-R) (31), 
while the rate of disease progression was determined using the following equation (13,32): 
 
Disease progression rate = (48 - ALSFRS-R score)/disease duration.       (1) 
 
The control group was recruited from the University of Edinburgh Psychology Department’s 
Volunteer Participant Panel, or from spouses, friends or relatives of patients. The study was 
approved by the Scottish local (LREC 08/S11ADMIN/67), multicentre (MREC 08/MRE00/50) 
and Department of Psychology, University of Edinburgh Research Ethics Committees. All 
subjects gave written informed consent. 
 
MRI Acquisition 
All imaging data were acquired using a GE Signa Horizon HDxt 1.5 T clinical scanner 
(General Electric, Milwaukee, WI, USA) equipped with self-shielding gradient set (33 mT m
-1
 
maximum gradient strength) and manufacturer supplied 8-channel phased-array head coil. For 
the dMRI protocol, ungated single-shot spin-echo echo-planar (EP) diffusion-weighted whole-
brain volumes (b = 1000 s mm
-2
) were acquired in 64 non-collinear directions, along with 
seven T2-weighted volumes (b = 0 s mm
-2
) (33). The repetition and echo times were 16.5 s and 
98.3 ms respectively. Seventy-two contiguous axial 2 mm thick slices were acquired resulting 
in 2 mm isotropic voxels. In the same session, high resolution 3D T1-weighted inversion-
recovery-prepared fast spoiled gradient-echo (FSPGR) volumes were acquired in the coronal 
plane with 180 contiguous 1.3 mm thick slices resulting in voxel dimensions of 1 × 1 × 1.3 
mm. 
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Image Processing 
An automated connectivity mapping pipeline was used to construct white matter structural 
networks from the T1-weighted and dMRI data. This framework is described below with 
settings informed by findings from a test-retest study using healthy volunteers of comparable 
age (34). 
Each T1-weighted FSPGR volume was first divided into distinct neuroanatomical regions 
using the volumetric segmentation and cortical reconstruction performed with the FreeSurfer 
image analysis suite using the default parameters (http://surfer.nmr.mgh.harvard.edu). The 
Desikan-Killiany atlas delineated 34 cortical structures per hemisphere (35,36). Additionally, 
subcortical segmentation was applied to obtain the brain stem and eight further grey matter 
structures per hemisphere: accumbens area, amygdala, caudate, hippocampus, pallidum, 
putamen, thalamus and ventral diencapahlon (37,38). As a result, 85 regions-of-interest (ROI) 
were retained per subject. The results of the segmentation procedure were used to construct 
grey and white matter masks for each subject. Using the FDT package in FSL 
(http://fsl.fmrib.ox.ac.uk/fsl), the dMRI data underwent eddy current correction to reduce 
systematic imaging distortions and bulk patient motion artifacts using affine registration to the 
first T2-weighted EP volume of each subject (39). Fractional anisotropy (FA) was calculated at 
each voxel location to indicate the degree of anisotropic water molecule diffusion (40). Skull 
stripping and brain extraction were performed on the T2-weighted EP volumes and applied to 
the FA volume of each subject (41). A cross-modal nonlinear registration method was then 
used to align neuroanatomical ROI from T1-weighted volume to diffusion space. As a first 
step, linear registration was used to initialize the alignment of each brain-extracted FA volume 
to the corresponding FreeSurfer extracted T1-weighted brain using a mutual information cost 
function and an affine transform with 12 degrees of freedom (39). Following this initialization, 
a nonlinear deformation field based method was used to refine local alignment. FreeSurfer 
segmentations and anatomical labels were then aligned to diffusion space using nearest 
neighbor interpolation (42). For each subject, a binary mask was formed in diffusion space 
from all grey and white matter voxels obtained from FreeSurfer. These masks were then used 
to constrain the tractography output. 
 
Tractography 
Whole-brain tractography was performed using an established probabilistic algorithm (FDT 
BedpostX/ProbtrackX; http://fsl.fmrib.ox.ac.uk/fsl) (43,44). Probability density functions, 
which describe the uncertainty in the principal directions of diffusion, were computed with a 
two-fiber model per voxel (44). Streamlines were then constructed by sampling from these 
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distributions during tracking using 100 Markov Chain Monte Carlo iterations with a fixed step 
size of 0.5 mm between successive points. Tracking was initiated from all white matter voxels 
and streamlines were constructed in two collinear directions until terminated by the following 
stopping criteria designed to minimize the amount of anatomically implausible streamlines: (i) 
exceeding a curvature threshold of 70 degrees; (ii) entering a voxel with FA below 0.1 (28); 
(iii) entering an extra-cerebral voxel; (iv) exceeding 200 mm in length; and (v) exceeding a 
distance ratio metric of 10. The distance ratio metric excludes implausibly tortuous 
streamlines (45). For instance, a streamline with a total path length ten times longer than the 
distance between end points was considered to be invalid. The values of the curvature, 
anisotropy and distance ratio metric constraints were set empirically and informed by visual 
assessment of the resulting streamlines. 
 
Network Construction 
Networks were constructed by recording connections between all ROI pairs (network nodes). 
The endpoint of a streamline was considered to be the first grey matter ROI encountered when 
tracking from the seed location. A streamline density weighting, aij, recording the 
interconnecting streamline density corrected for ROI size was computed:  
   (2)
  
 
where |Sij| is the count of the set of all streamlines found between nodes i and j (and Sij = Sji), 
and gi and gj the number of grey matter voxels in nodes i and j. The rationale for the 
normalization by g is to correct for between-subject variability in grey matter volume, since 
the number of possible entry/exit points per region is proportional to the grey matter volume 
(46). As tractography is prone to producing false connections (47), we used prior knowledge of 
white matter anatomy to discard a proportion of spurious connections. Any implausible 
streamlines traversing from one cortical hemisphere to any contralateral subcortical node were 
discarded (48). To reduce spurious connections, a two-step threshold on the network weights 
was then applied: (i) for each subject, discard the weakest 25% of weights in the matrix by 
connection probability (Eq. 2); (ii) across the cohort, only retain connections which occur in at 
least 50% of subjects. The second step is required to discard connections which have been 
removed for some subjects, but not others, by the first step. From the remaining set of 
streamlines, FA-weighted networks were then computed by recording the mean FA value along 
interconnecting streamlines:  
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            (3) 
 
where Vs is the set of voxels (of size ms) found along the streamline s between nodes i and j, 
and FA measures the diffusion anisotropy per voxel. If no streamlines were found between a 
pair of nodes, the corresponding matrix entry was set to zero. Self-connections were removed. 
For each FA-weighted matrix, three global network measures were then computed (25), 
namely, the network strength (the average sum of weights per node), network clustering 
coefficient (an average measure of local connectivity) and the network efficiency (the average 
of the inverse shortest path length). 
  
Statistical Analysis 
The global network properties, and measures of disease severity and rate of progression were 
assessed for normality using the Shapiro-Wilk test with non-normality accepted at the p < 0.05 
level of significance. Group contrasts were performed using a two-sample t-test for Normally 
distributed data. The two-tailed probability level was used for all global comparisons. 
Correlations for non-normal variables were computed with Spearman’s rank correlation 
coefficient (ρ). 
 
Network Analysis 
Firstly, in order to assess any differences in global connectivity between the patient and control 
groups, the global network measures were tested with uncorrected p < 0.05 being considered 
statistically significant. Secondly, network connections were compared between the patient and 
control groups using NBS (https://sites.google.com/site/bctnet/comparison/nbs) (26), without a 
priori selected regions. For 85 node networks there are 3570 possible network connections. As 
a result, standard statistical tests may be under-powered when corrected for multiple 
comparisons. NBS is an alternative approach which exploits the extent to which the 
connections identified by the contrast are interconnected to offer a potential gain in statistical 
power, for which the significance of maximally connected subnetworks are assessed rather 
than individual connections (26). In the NBS framework, first a two-sample one-tailed t-test 
was performed at each of the 3570 network connections in order to identify reduced white 
matter integrity in the patient group compared with the controls. Secondly, a set of 
suprathreshold edges and the corresponding set of maximally connected network components 
was computed by a network-defining threshold on the t-statistics. Permutation testing, which 
randomly exchanged the group to which each subject belonged, was used over 5000 iterations 
to estimate the distribution of component size and compute a corrected p-value for the 
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maximally connected subnetwork(s). In NBS terminology, the ‘intensity’ of each maximally 
connected network was tested rather than the ‘extent’ (size of the network) as this directly 
assesses the magnitude of the test statistic. For completeness, we also repeated the NBS 
analysis to identify any increases in FA between patient and control groups. In addition, the 
streamlines involved in any network identified by NBS were used to compute maps of 
streamline density per voxel for each subject (49). As discussed below, the cerebral areas 
identified in these maps were then compared with the findings from a voxel-based analysis of 
white matter differences between patient and control groups. 
 
Tract-based Spatial Statistics 
Voxel-based analysis of group differences in FA was provided by Tract-based Spatial Statistics 
(TBSS; http://fsl.fmrib.ox.ac.uk/fsl) (50). Firstly, a nonlinear deformation was used to align the 
FA map of each subject to a white matter template in standard space. White matter masks were 
‘skeletonised’ (morphologically thinned) in order to obtain the centre-line of the principle 
white matter pathways, while minimizing the impact of registration error and partial volume 
effects. Voxel-wise FA was then compared between groups within the white matter skeleton. 
Finally, permutation testing assigned a corrected p-value to each voxel, for which p < 0.05 was 
considered significant. Comparisons were performed to identify both reduced and increased 
FA in the patient group compared with the controls. 
 
Comparison Between Network and Voxel-based Analyses 
To provide a measure of the agreement between network and voxel-based analyses, we 
measured the overlap between the impaired connections identified by NBS and the white 
matter contrast maps produced by TBSS. Firstly, the TBSS corrected p-value contrast maps 
were thresholded at p < 0.05. These masks were then transformed to each subject’s native 
space using the nonlinear transforms computed by TBSS. For each subject, a measure of 
overlap per connection based on streamline density was computed:  
             (4) 
 
 
where |Sij| is the count of all streamlines found between nodes i and j, and |Dij| is the count of 
streamlines which pass through at least one voxel of the TBSS corrected p-value contrast map 
(where Dij ⊂ Sij). For each network connection, this metric produces a score between 0 and 1, 
reflecting the proportion of streamlines between nodes i and j which pass through any voxel 
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identified by TBSS. A t-test was used to compare the mean overlap for connections within the 
observed network against the non-zero connections outwith this network. 
 
RESULTS 
Participants 
Of the 30 patients, 26 had sporadic ALS and four had a history of suspected ALS in a first-
degree relative. Ten patients had bulbar onset, 11 had upper limb onset and nine had lower 
limb onset. Four patients met criteria for ALS with cognitive impairment and one fulfilled 
criteria for possible behavioral variant frontotemporal dementia. The mean age of the patients 
(17 male) was 58.3 ± 11.2 years (mean ± standard deviation). The mean age of the 30 control 
subjects (16 male) was 58.5 ± 12.0 years. There were no significant differences between 
groups in either age or gender. For the patient group, the mean ALFRS-R score was 38.8 ± 
6.76, the mean disease duration was 24.0 ± 18.3 months and the corresponding disease 
progression rate was 0.49 ± 0.4 units month
-1
. Two patients had to be excluded from this study 
due to incomplete MRI data or excessive motion artifact. 
 
Network Analysis 
Figure 1 shows an example of segmentation and tractography for one representative healthy 
control. Visual inspection of the segmentations for each subject indicated that the FreeSurfer 
procedure provided plausible brain extraction, tissue segmentation and cortical labeling 
(Figure 1a). Approximately 6 million streamlines were seeded per subject (Figure 1b). Visual 
assessment of the streamlines remaining following network thresholding indicated that the 
majority of streamlines were anatomically plausible. Figure 1(c) shows the mean connectivity 
matrix averaged across all subjects. Figure 1(d) displays the histograms of network weights in 
patients and controls, and indicates that there is very little variation in global connectivity 
between the two groups. All global network measures were found to be approximately 
normally distributed. Although all global measures were lower in the ALS group compared 
with the controls, individual t-tests indicated that these differences were not significant (Table 
1). However, as displayed in Figure 2, NBS identified a subnetwork (10 nodes and 12 
bidirectional connections) of impaired connectivity in the ALS group (t = 2.6, p = 0.020, 
corrected). This network involves four nodes within the primary motor cortex (bilateral 
precentral and paracentral), left superior frontal, the left-posterior cingulate and four 
subcortical areas (bilateral pallidum, left thalamus, left caudate). All 12 network connections 
are directly linked to nodes within the primary motor cortex. Table 2 shows the mean FA 
values in both patient and control groups, and the corresponding t-statistic for each of these 
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network connections. Overall, the connections in the affected network showed a mean 
reduction of 0.04 ± 0.03 (approximately 10%) in FA in the patient group compared with the 
controls. (The additional NBS contrast testing for increased white matter integrity in the 
patient group compared with the controls produced no significant results.) 
 
Impaired Connectivity Correlates of Disease Severity and Progression Rate 
Relationships between the 12 affected network connections, which showed significant 
differences between patient and control groups (Figure 2), and disease severity and progression 
rate were investigated. After false discovery rate (FDR) correction, three of the impaired 
network connections correlated with disease progression rate (Figure 3): left-pallidum to left-
precentral (ρ = -0.52, p = 0.024); right-pallidum to right-precentral (ρ = -0.55, p = 0.017); and 
left-thalamus to left-precentral (ρ = -0.58, p = 0.017). 
 
Comparison Between Network and Voxel-based Analyses 
Figure 4(a) shows the areas involved in the affected network across all subjects in Montréal 
Neurological Institute (MNI) standard space, in terms of the mean streamline density per voxel 
(49). 
TBSS found significant reductions in FA within the corticospinal tract and portions of the 
corpus callosum in patients compared with controls (Figure 4b). (TBSS found no areas of 
increased FA in patients compared with controls.) These regions of reduced FA identified by 
TBSS were found to overlap with regions involved in the affected network. Figure 5 shows the 
mean overlap proportion (Eq. 4) with 95% inter-percentile range for the 12 network 
connections identified by NBS. Notably, 11 out of 12 connections had an overlap proportion 
greater than 0.75, suggesting that the majority of streamlines involved in the affected network 
passed through white matter structures identified by TBSS as having significantly reduced FA 
between groups. Only the connection between left paracentral and left superior frontal gyrus 
had a lower score of 0.21, suggesting that the streamlines involved in this connection were in 
less agreement with the TBSS analysis. Overall, 73.6 ± 2.2% of the possible network 
connections in the patient group and 73.0 ± 2.9% in the control group had at least one 
streamline which passed through a region identified by TBSS as having reduced FA. 
Furthermore, 39.7 ± 2.3% of the network connections in the patient group and 40.1 ± 2.0% in 
the control group had half of the total streamlines pass through a region identified by TBSS. 
Crucially, however, the mean overlap proportion (Eq. 4) was 0.385 ± 0.017 for connections 
outside the impaired network, compared with a mean proportion of 0.862 ± 0.041 for the 
connections within the network. A t-test showed that these proportions were significantly 
different (p << 0.001). 
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DISCUSSION 
This study presents a whole-brain structural network analysis of white matter connectivity 
changes in ALS. Global network properties indicate that the networks in both patient and 
control groups are similar and show a level of clustering and network efficiency comparable to 
other studies (28,34). Note that the absolute values of these properties are dependent on the 
choice of nodes and thresholding. The between-group comparison of global network properties 
found no brain-wide impairments in connectivity for the patient group, indicating that any 
impairments are localized. 
Our results suggest that in the patient group, connectivity to primary motor, prefrontal, and 
subcortical regions is substantially reduced, in terms of tract-averaged FA, and that these 
impairments are predominantly localized around the motor cortex. Notably, although a brain-
wide analysis was performed, without a priori selected regions, the network identified 
involved regions which are known to be associated with motor control and movement, and are 
consistent with upper motor neuron pathology as found in ALS. Previous dMRI studies have 
shown reduced white matter integrity in the corticospinal tract and corpus callosum (5,21), 
areas which are interlinked with several of the subcortical and motor cortex nodes within our 
affected network. (A quantitative tractography analysis of this cohort showed, amongst other 
findings, reduced FA and altered tract topology in corticospinal tract in patients compared with 
controls (6).) A previous ALS study identified a nine node network which comprised a 
comparable pattern of motor network impairment involving connections to precentral, 
paracentral, pallidum, frontal areas and the cingulate cortex (28). Previous functional MRI 
studies have identified impairments in functional connectivity associated with ALS (51). 
Promisingly, studies in healthy volunteers have found some convincing associations between 
functional and structural connectivity (46,52). However, to our knowledge, this structure-
function correspondence has not yet been demonstrated in an ALS network. One recent study 
has produced findings which suggest that the level of functional connectedness within the 
motor network is correlated with the rate of disease progression (14).  
Comparison between the network analysis and TBSS findings offers some insight into the 
correspondence between these methods. Approximately 40% of all connections had half of 
their total streamlines pass through a region identified by TBSS as significantly different 
between groups. This indicates that the abnormal white matter identified by TBSS contains a 
common ‘hub’ connecting grey matter regions, for instance, via portions of the corpus 
callosum. The comparison of the mean overlap proportion within and outwith the impaired 
network indicates a strong, but not perfect, agreement between the white matter identified by 
TBSS and the affected network identified by NBS. Notably, NBS identified one network 
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connection between left paracentral and left superior frontal gyrus that was unlikely to have 
been concluded from the TBSS analysis. Conversely, there were several connections outside 
the affected network which also had a high overlap proportion (close to 1), which were not 
identified by NBS. Due to limitations of the data, noise and tractography errors, some 
connections may contain spurious streamlines which cross the regions identified by TBSS.  
Associations between the affected network connections and disease metrics indicate that 
the bilateral pallidum to precentral, and left thalamus to left precentral connections are 
increasingly impaired over disease progression. Notably, these affected connections involve 
fibers which run through the cortical to subcortical portion of the corticospinal tract. These 
findings provide supporting evidence for similar relationships found between disease 
progression and FA in the rostral corticospinal tract reported in a previous study (14). 
Furthermore, although some of the patients included in this study were cognitively impaired, 
across the whole group no meaningful correlations emerged between the affected network and 
measures of cognitive performance. However, the affected network did include prefrontal 
regional nodes (namely the superior frontal gyrus) found to be affected in our previous ROI-
based analyses and related to impairments in letter fluency (10). 
One strength of this study is the relatively large and well-characterized patient sample with 
age-matched controls. We also utilized probabilistic tractography to model multiple fiber 
populations in each voxel in the network analysis. Such techniques should be better able to 
account for branching and crossing fibers, in comparison to deterministic (diffusion tensor) 
tractography. In addition, previous ROI-based studies are typically limited to assessing 
changes in a small number of regions. However, the network analysis used in this study offers 
the possibility to explore ALS as a network disease, potentially involving hundreds of 
connections. Furthermore, in comparison to TBSS or other template-based methods, network 
analysis is performed in native rather than standard space, thereby accounting for individual 
differences in white matter structure and providing a more representative reconstruction of the 
underlying axonal wiring. Like previous network studies (28,29), we chose to use FA-
weighted networks, rather than streamline density, as FA is likely to be a more representative 
measure of disruption in the underlying axonal fibers in case-control studies (34). 
We note that although NBS reduces the false positive rate, tractography is known to be 
strongly affected by measurement noise resulting in both false positive and negative 
connections (53,54). Some error may reflect tractography issues in estimating the underlying 
axonal fibers from noisy measurements; the dMRI protocol employed an ungated EP imaging 
sequence which may introduce motion artifacts due to pulsatile brain motion (55). Fillard et al. 
(56) suggested that for medium or low signal-to-noise datasets, an appropriate prior on the 
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spatial smoothness of either the diffusion model or the fibers is recommended for correct 
modeling. This merits further investigation. Other errors may be due to ROI segmentation 
affecting seeding. Additionally, thresholding of networks must be performed with caution. It is 
problematic to ensure that an arbitrary threshold removes spurious connections while retaining 
genuine patterns of connectivity. We believe that the two-step thresholding procedure used in 
this study eliminates a proportion of implausible connections without biasing the results of a 
group-wise analysis. However, due to the limitations of current dMRI and tractography 
techniques it is not possible to eliminate all false connections. 
In conclusion, this study presents a whole-brain network analysis of white matter 
degeneration in ALS, using strong constraints on the anatomical plausibility of tracts. The key 
findings are that while there are no brain-wide impairments in connectivity due to ALS, an 
impaired motor-frontal-subcortical network of reduced white matter FA was found in the 
patient group. Reduced white matter FA in three of the impaired network connections, which 
involved fibers of the corticospinal tract, correlated with disease progression rate showing 
links between brain structure and clinical measures of the disease. There was also a strong 
correspondence between the connections identified as being impaired in the network analysis 
and white matter tracts identified by conventional TBSS analysis, indicating the usefulness of 
both approaches in characterizing the widespread effects of ALS on brain structure. 
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LEGENDS 
Figure 1: (a) Cortical parcellation on pial surface (healthy 56 year old male); (b) 
Interconnecting streamlines generated by probabilistic tractography in the same subject; (c) 
85×85 connectivity matrix showing the mean weights across all subjects (N = 58), where the 
two large rectangular patterns on the diagonal correspond to the left and right hemispheres; (d) 
The histograms of network connection weights (tract-averaged FA) across all subjects in both 
groups. 
 
Figure 2: Coronal, sagittal and transverse views of the impaired network nodes and 
interconnections identified by NBS with lobe membership indicated by color. 
 
Figure 3: Correlations between disease progression rate and tract-averaged FA of three 
impaired network connections (p < 0.05, FDR corrected). 
 
Figure 4: (a) Coronal, sagittal and transverse slices of the mean FA obtained from TBSS in 
MNI standard space, overlaid with the mean streamline density per voxel computed from the 
streamlines involved in the affected network and transformed to MNI space; (b) Coronal, 
sagittal and transverse slices of the findings from TBSS, showing the mean FA in MNI 
standard space overlaid with the voxels found to have significantly reduced FA in the patient 
group compared with the controls (p < 0.05, corrected). 
 
Figure 5: Mean overlap proportion with 95% inter-percentile range (N = 58) for the 12 
connections of the affected network, showing the proportion of interconnecting streamlines 
which pass through any white matter region identified by TBSS as having significantly 
reduced FA between groups. 
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Table 1: Global network properties (mean and standard deviation in parentheses), t-statistic 
and uncorrected p-value between groups. 
 
Network measure Patients Controls t-stat p 
Network sparsity 0.782 ± 0.01 0.783 ± 0.01 -0.451 0.654 
Network strength 6.867 ± 0.40 6.913 ± 0.50 -0.363 0.718 
Network clustering coefficient 0.227 ± 0.01 0.230 ± 0.01 -1.236 0.222 
Network efficiency 0.229 ± 0.01 0.231 ± 0.01 -0.732 0.467 
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Table 2: Mean FA (standard deviation) and the t-statistic for each of the bidirectional network 
connections identified by NBS. All connections are collectively assigned a single p-value (p = 
0.020, corrected). 
 
Network connection Patients Controls t-stat 
 Left-caudate - Left-precentral 0.37 ± 0.08 0.43 ± 0.03 3.454 
Right-paracentral - Right-precentral 0.30 ± 0.04 0.33 ± 0.04 3.190 
Left-paracentral - Left-superior frontal 0.29 ± 0.04 0.32 ± 0.03 3.161 
Left-pallidum - Left-precentral 0.47 ± 0.04 0.50 ± 0.03 3.153 
Left-superior frontal - Right-paracentral 0.44 ± 0.10 0.50 ± 0.04 3.093 
Left-posterior cingulate - Right-paracentral 0.47 ± 0.04 0.50 ± 0.04 2.993 
Left-superior frontal - Right-precentral 0.36 ± 0.20 0.47 ± 0.10 2.905 
Left-thalamus - Left-precentral 0.45 ± 0.04 0.47 ± 0.02 2.858 
Right-pallidum - Right-precentral 0.46 ± 0.04 0.48 ± 0.03 2.843 
Left-caudate - Left-paracentral 0.37 ± 0.04 0.39 ± 0.03 2.783 
Left-precentral - Left-superior frontal 0.36 ± 0.04 0.39 ± 0.03 2.681 
Left-paracentral - Left-precentral 0.30 ± 0.04 0.33 ± 0.04 2.631 
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